Recent calculations with a two-fluid smoothed particle hydrodynamics (SPH) code of the collapse of a magnetized dense core have found little evidence for fragmentation. These calculations have been interpreted as implying that magnetic braking by magnetic tension forces is sufficient to inhibit fragmentation, contrary to a suggestion by Boss that magnetic fields might encourage fragmentation. However, the type of fragmentation considered by Boss did not require the presence of significant rotation, contrary to the case with the SPH calculations, so the relevance of magnetic braking to Boss' suggestion is unclear. The SPH calculations used a barotropic equation of state which tended to produce a single central clump that resisted fragmentation in clouds where the Eddington approximation radiative transfer used by Boss led to fragmentation. While a definitive calculation has yet to be accomplished, fragmentation seems to remain as a possible outcome of the collapse of magnetic clouds.
I N T RO D U C T I O N
Fragmentation, the leading explanation for the formation of binary and multiple stars (Bodenheimer et al. 2000) , is defined as the process of the formation of two or more self-gravitating protostars during the dynamical collapse phase of a dense molecular cloud core. Fragmentation is generally studied through numerical simulations of cloud collapse using three-dimensional, gravitational hydrodynamics codes, based either on finite differences or on smoothed particle hydrodynamics (SPH).
Most protostellar fragmentation calculations have been restricted to the case of non-magnetic clouds (Bodenheimer et al. 2000) , largely because of the difficulty in calculating three-dimensional magnetohydrodynamics. However, it is well known that dense cloud cores are supported against collapse by a combination of magnetic fields, turbulent motions, thermal pressure and rotation, in roughly decreasing order of importance (e.g. Crutcher 1999; Caselli et al. 2002) . Whereas considerable attention has been paid to the effects of magnetic fields on the collapse of axisymmetric, two-dimensional clouds (e.g. Mouschovias 1991; Ciolek & Mouschovias 1995; Basu 1997; Shu & Li 1997) , much less attention has been devoted to fully three-dimensional calculations, where fragmentation can be studied. In the case of frozen-in magnetic fields, either dynamic collapse did not occur (Dorfi 1982; Benz 1984) , or collapse occurred, but fragmentation was prevented (Phillips 1986a,b) . The effects of magnetic fields undergoing ambipolar diffusion were approximated by Boss (2000 Boss ( , 2001 Boss ( , 2002 , who found that fragmentation could still occur, E-mail: boss@dtm.ciw.edu once the gradual loss of magnetic support by ambipolar diffusion led to a dynamic collapse phase.
Recently, Hosking & Whitworth (2004b, hereafter HW) have presented a set of calculations of the collapse of non-magnetic and magnetized, rotating, dense cloud cores, using a newly developed two-fluid SPH code Hoskings & Whitworth (2004a) capable of simulating the effects of ambipolar diffusion. HW found no evidence for fragmention in several of their magnetic collapse calculations, which appeared to undergo fragmentation when magnetic effects were neglected, leading them to conclude that their calculations lent no support for the suggestion by Boss (2000) that magnetic fields could increase the likelihood of fragmentation. We demonstrate here the problems involved in comparing the results of HW with those of Boss (2000) , and thereby the problems in drawing a definitive conclusion about the effects of magnetic fields on fragmentation.
M AG N E T I C F I E L D E F F E C T S
HW calculated four models of collapse, each starting from a dense core with a mass of 1 M , radius of 0.015 pc, uniform density of 4.8 × 10
−18 g cm −3 and uniform angular velocity of 4.25 × 10 −13 s −1 . With these assumptions, the clouds started with an initial ratio of thermal to gravitational energy of α ≈ 0.35 and an initial ratio of rotational to gravitational energy of β ≈ 0.05. An initial perturbation in the azimuthal coordinate (φ) was applied, consisting of a 10 per cent sin(2φ) density perturbation, in order to encourage fragmentation into a binary system. The simulations were halted once the maximum density reached ∼10 −10 g cm −3 . HW first calculated a collapse without the effects of magnetic fields. In their model FRAG-1 (see their fig. 2 ), the cloud collapsed to form a thin filament without undergoing fragmentation. Some of the gas in the filament contracted towards its centre, forming a central bar-like object. The rest of the filament rotated around this central bar, wrapping up into a disc of overlapping filaments. At the time the calculation was stopped (1.086 t ff , where one free-fall time t ff = 0.03 Myr), the cloud had formed a number of clumps (∼4) orbiting around the central bar. HW therefore concluded that in the absence of magnetic fields, their initial cloud would collapse and undergo fragmentation.
HW then showed the results of three other models, starting from the same initial conditions as FRAG-1, but with the effects of magnetic fields and ambipolar diffusion included. These three models varied in their initial mass-to-flux ratios (µ) and in the ion/neutral coupling factors (γ H 2 ). Model FRAG-2 collapsed to form a filament, which again contracted lengthwise to form single, central object, at a time of 1.276 t ff (their fig. 4 ). HW pointed out that by this time, the core regions had lost 65 per cent of their initial angular momentum because of magnetic braking by the magnetic fields, though the angular momentum per unit mass increased throughout most of the evolution. HW concluded that the loss of angular momentum by magnetic braking resulted in the absence of fragmentation in model FRAG-2 by the final time of 1.276 t ff .
HW's model FRAG-3 was identical to FRAG-2 except for a value of γ H 2 that was unrealistically low, by a factor of 25. This model collapsed in a much more similar manner to FRAG-1, forming a filament and a central bar around which the filament wraps itself (their fig. 7 ). The calculation was stopped at 1.063 t ff , at a somewhat lower maximum density then the previous models, because of numerical problems. HW concluded that this model might well fragment if followed further in time.
The last model, FRAG-4, was identical to FRAG-2 except for having a higher mass-to-flux ratio. The evolution was very similar to that of FRAG-2.
HW concluded that fragmentation is prevented in models FRAG-2 and FRAG-4 by the loss of angular momentum associated with magnetic braking. They then compared this result with that of Boss (2000) , who found that magnetic fields could encourage fragmentation by helping to prevent the formation of a central density singularity. HW noted that the Boss (2000) calculations did not allow for the effects of magnetic braking, and so HW finally concluded that the Boss (2000) conclusion about magnetic fields was flawed because of the lack of magnetic braking in the models.
There are a number of problems with drawing this conclusion, with perhaps the most important one being that the type of fragmentation being studied by Boss (2000) was not driven by rotational effects. In fact, the cloud models presented by Boss (2000) started with dense cores with β ≈ 0.0001, compared with the initial value of β ≈ 0.05 assumed by HW. As a result, the fragmentation found in the models presented by Boss (2000) was not rotationally driven, a very different situation from that in the models of HW.
Boss (2000) presented results for two clouds, one with an initial prolate shape and one with an initial oblate shape. Both clouds started with an initial radial density profile with a Gaussian shape, similar to that inferred for pre-collapse dense clouds (e.g. Alves, Lada & Lada 2001) , with a central density 20 times higher than at the boundary. The prolate cloud initially had α = 0.39, whereas the oblate cloud started with α = 0.30, with masses of 1.5 and 2.1 M , respectively. These values were similar to those assumed by HW, except that the Boss (2000) Figure 1. Solid line: variation of gas temperature with density for the models calculated by HW. The gas collapsed isothermally until it became optically thick at ∼10 −13 g cm −3 . The HW models stopped at maximum densities of ∼ 10 −10 g cm −3 . Filled circles: results of a non-magnetic cloud collapse model calculated with full Eddington approximation radiative transfer and detailed equations of state .
with separations on the order of 30 au and periods of 300 yr, have J/M ∼ 10 20 cm 2 s −1 . Hence even a dense cloud rotating as slowly as the Boss (2000) models has more than sufficient angular momentum to form a binary star system, and may require some magnetic braking in order to remove its excess angular momentum.
Both the prolate and oblate clouds in Boss (2000) underwent a prolonged period of oscillations about their initial conditions, as a result of their strong initial magnetic support. The prolate cloud started with an initial ratio of magnetic to gravitational energy of γ = 0.58, whereas the oblate cloud had γ = 0.43. This initial magnetic field strength was reduced in an ad hoc manner designed to simulate the effects of detailed ambipolar diffusion calculations (Ciolek & Mouschovias 1995) . As a result, the prolate cloud did not begin its dynamic collapse phase until after 5 t ff , whereas collapse for the oblate cloud did not start until after 2.5 t ff . This significant delay was in contrast to the results found by HW, where collapse began soon after 1 t ff , similar to the time-scale for non-magnetic clouds, implying that the initial magnetic field support was being lost by ambipolar diffusion on a time-scale comparable to the cloud freefall time. The HW results suggested that magnetic fields would not be able to assist in the central rebound found by Boss (2000) , as they would have diffused away by that time. On the other hand, the parameterization of ambipolar diffusion used by Boss (2000) was chosen explicitly to agree with the results for ambipolar diffusion by Ciolek & Mouschovias (1995) . Fig. 1 of Boss (1997) showed that with the assumption of κ = 1/2, as used in the Boss (2000) models (B ∝ ρ κ , where B is the magnetic field and ρ is the gas density), gravitational collapse proceeded in very much the same manner with the Boss code including an ambipolar diffusion parameterization and with the Ciolek & Mouschovias (1995) two-dimensional magnetohydrodynamics code. In both cases, a prolonged period of slow contraction was followed by a rapid collapse to high densities in a small fraction of a free-fall time. It is not clear why the results of HW differ -this is an important problem worthy of further investigation.
Both the prolate and oblate clouds of Boss (2000) tended to flatten into filaments or discs, respectively, during their collapse phase,
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as a result of the well-known properties of the collapse of uniform spheroids (Lin, Mestel & Shu 1965) , even in the absence of significant rotation. The prolate cloud collapsed to form a central object that immediately rebounded outward, as a result of thermal and magnetic effects. The ring-like configuration that resulted promptly fragmented into a multiple protostar system. The oblate cloud collapsed and fragmented in the same way. In neither case was fragmentation the result of forming a filament which needed to wind upon itself many times before fragments appeared. When magnetic fields were not included in the calculation, the prolate cloud collapsed and fragmented directly into a binary protostar system (Boss 1993) , again without significant rotation in this nearly non-rotating cloud. Because magnetic effects resulted in fragmentation into a larger number of clumps, Boss (2000) concluded that magnetic effects not only did not prevent fragmentation, but could even enhance it. Evidently the type of fragmentation found by Boss (2000) is quite different from that found by HW in their model FRAG-1. The fact that rotational effects are not directly involved in the fragmentations found by Boss (2000) means that the results of HW regarding rotational fragmentation and magnetic braking cannot be used to draw conclusions regarding the suggestions by Boss (2000) .
Boss (2002) presented a more complete suite of models of the collapse of magnetic clouds undergoing ambipolar diffusion, including initial values of β ranging from 0.000 11 to 0.015, and found that the tendency towards fragmentation did not depend on the rotation rate of the initial cloud. Clouds either collapsed to directly form binary protostars, or else produced quadruple systems or rings that were likely to form multiple systems if their evolution could be followed further.
R A D I AT I V E T R A N S F E R E F F E C T S
HW used a barotropic equation of state to close their system of equations without having to solve an energy equation and to perform radiative transfer in three dimensions. At high densities, their pressure p varied with the density ρ as p ∝ ρ 5/3 . Fig. 1 shows how the temperature of their gas depends on the density: the gas remained isothermal for much of the evolution, then heated up strongly towards the end of the simulations. Boss et al. (2000) illustrated the dangers of relying on a barotropic equation of state when considering protostellar collapse and fragmentation. They compared the results of a collapse calculation with a barotropic assumption with the results of a more detailed calculation including Eddington approximation radiative transfer, an energy equation and detailed equations of state for the specific internal energy, pressure and dust grain opacity (see Boss 2002 for details). Boss et al. (2000) found that with a barotropic assumption, a particular cloud collapsed to form a thin filament. An identical cloud collapsed to form a well-defined binary when Eddingtion approximation radiative transfer was employed. This difference in results is all the more significant when it is realized that the barotropic relation used by Boss et al. (2000) was chosen to try to mimic as closely as possible the results of the full Eddington approximation code (Fig. 2) . Boss et al. (2000) concluded "that obtaining the correct solution for protostellar fragmentation may require solving the threedimensional radiative transfer problem, with either the Eddington approximation or perhaps an even more accurate formulation."
It can be seen by comparing the evolutions in Fig. 1 that the barotropic assumption used by HW also roughly approximated the behaviour found with the Eddington approximation calculation after the cloud became optically thick . On this basis, it is not surprising then that the HW models with and without Boss (2001 Boss ( , 2002 . magnetic fields collapsed to form filaments which collapsed in on themselves to form dense central objects, rather than having fragmented directly into binary systems, as a similar result was found by Boss et al. (2000) when using a barotropic equation of state with the Boss code. Note that by the end of the HW calculations, when fragmentation was expected to occur, the mass-to-flux ratio had increased sufficientlythat magnetic effects had become insignificant, so that thermal and rotational effects became the dominant players. Hence a comparison to the non-magnetic models of Boss et al. (2000) , while not strictly appropriate, seems reasonable none the less.
The HW results were very similar to the outcome of the adaptive mesh refinement (AMR) calculations also presented in Boss et al. (2000) . The AMR model shown in fig. 5 of Boss et al. (2000) used the same barotropic equation of state as in the Boss code calculation noted above, with the AMR model finding that a thin filament formed at the centre of the cloud, with transient, poorly defined binary clumps, which then collapsed inward towards the centre to form a single, central clump. Because of the high initial rotation rate of this cloud (β ≈ 0.16) and the lack of magnetic braking, material continued to infall and formed a rotating disc around the central object, which wound up into spiral arms with clumps, in much the same way as the HW model without magnetic fields (FRAG-1). The central density singularity cannot be fragmented, but clumps can form in a rotating disc around the central object. Fragmentation in the HW models depended on the high initial rotation rate of the cloud, which was not the case for the models presented by Boss (2000) . . It is obvious that the Eddington approximation calculations led to considerably cooler central regions than occurred with the barotropic assumption used by HW, which goes in the direction of encouraging fragmentation. In the Boss (2000) models, fragmentation followed a central rebound driven by thermal pressure, and by magnetic pressure and tension effects. This outward rebound formed ring-like structures that were susceptible to prompt fragmentation (Boss 2000 (Boss , 2002 . Similar ring-like structures have been found in axisymmetric magnetic collapse calculations of non-rotating clouds with ambipolar diffusion (Li 2001) . Evidently this is a different fragmentation mechanism from that considered in the relatively rapidly rotating cloud models of HW.
C O N C L U S I O N S
If magnetic fields were able to stifle the fragmentation of collapsing clouds, then one might conclude that magnetic fields are insignificant during protostellar collapse, or else that binary and multiple stars could not exist, given the well-known difficulties with the other mechanisms for their formation (Bodenheimer et al. 2000) . Clearly, their non-existence would be the wrong answer, given the abundance of binary star systems. This paper has shown that fragmentation remains the most attractive explanation for the formation of binary and multiple star systems, even when most of the effects of magnetic fields are taken into account, provided that the effects of radiative transfer are also properly included. Even if magnetic braking was able to slow the rotation rate of a cloud to nearly zero, the fragmentation mechanism studied by Boss (2000 Boss ( , 2002 would still be operative.
Although the calculations by Boss (2000 Boss ( , 2002 did not include as complete a treatment of magnetohydrodynamics as the models of HW, they did include a full treatment of radiative transfer. Perhaps the most glaring problem with the Boss (2000 Boss ( , 2002 ) models was not their approximate inclusion of magnetic pressure, tension and ambipolar diffusion, but their complete lack of magnetic braking, as noted by HW, which will clearly be important for relatively rapidly rotating clouds. The HW models, on the other hand, had a relatively sophisticated treatment of the magnetohydrodynamics, but only a simple barotropic approximation for the radiative transfer problem. A definitive calculation of the collapse of a magnetic dense cloud, including both full magnetohydrodynamics and radiative transfer, remains as a challenge for the future.
